The phylogeny and patterns of nucleotide substitutions in the visual pigment genes, adrenergic receptor genes, muscarinic receptor genes, and in the human mas oncogene were studied by comparing their DNA sequences. The evolutionary tree obtained shows that the visual pigment genes and mas oncogene form one cluster and that the receptor genes form another. In the evolution of rhodopsin genes, synonymous substitutions outnumber nonsynonymous substitutions. This is consistent with the neutral theory of molecular evolution. However, the early evolutionary stages of a-and /3-adrenergic and muscarinic receptors are notable for significantly more nonsynonymous substitutions than synonymous substitutions, suggesting the acquisition of novel functional adaptations. Variable rates of nonsynonymous changes in different domains of these proteins reveal DNA segments that might have been important in their functional adaptations.
Introduction the
The visual pigment rhodopsin is responsible for initiating phototransduction in retina and is probably the best-characterized transmembrane protein.
In particular, detailed biochemical and biophysical experiments provide an excellent three-dimensional model of rhodopsin (see Liebman et al. 1987; Nathans 1987) . Important attributes of rhodopsin include covalent linkage with I I-cis retinal, membrane anchorage, phosphorylation, glycosylation, and interaction with the guanine nucleotide binding protein (G-protein) (Liebman et al. 1987; Nathans 1987) . Recently, the genes coding for red-, green-, and blue-sensitive visual pigments have been identified and are shown to be closely related in structure and function to the rhodopsin genes (Nathans and Hogness 1983, 1984; Nathans et al. 1986) . Sequence similarity has also been demonstrated among the visual pigment proteins and G-protein coupled receptors such as adrenergic and muscarinic cholinergic receptors (Kubo et al. 1986; Yarden et al. 1986; Frielle et al. 1987; Kobilka et al. 1987~) .
Comparison of the DNA sequences for the genes encoding the human visual color pigments and those encoding human, bovine, and Drosophila rhodopsins has shown that, during the evolution of the rhodopsin genes, the number of synonymous substitutions is significantly larger than that of nonsynonymous substitutions (Yokoyama and Yokoyama 1989) ) which is consistent with the neutral theory of molecular evolution. Furthermore, important functional adaptations seem to have occurred twice during the evolution of the color pigment genes: first, to the common ancestor of the three color pigment genes after its divergence from the ancestor of the rhodopsin genes and, second, to the ancestor of the red pigment gene after its divergence from that of the green pigment gene (Yokoyama and Yokoyama 1989) . Because the evolutionary relationships of the G-protein coupled receptor genes and visual pigment genes have not yet been studied, phylogenetic analyses of the diverse multigene family members are needed. Furthermore, it is important to evaluate the possibility of detecting functional adaptations during the evolution of the G-protein coupled receptor genes, as was done in the studies of the evolution of the visual pigment genes. For these purposes, we constructed a phylogenetic tree for these genes and then studied the rates of synonymous and nonsynonymous substitutions not only at different stages of evolution but also in different functional domains of the receptors.
Material and Methods

DNA Sequence Data
The G-protein coupled receptor genes used were those encoding the P-adrenergic receptors in turkey ( plT) (Yarden et al. 1986 ), human (Pin) (Frielle et al. 1987 ) and (P2H) (Kobilka et al. 1987a) , hamster (P2nA) (Dixon et al. 1986) ) and rat ( P2R) (Gocayne et al. 1987) ; those encoding the a-adrenergic receptor in human (u2n) (Kobilka et al. 1987b) , and those encoding the porcine muscarinic receptors (M 1) (Kobilka et al. 1987a ) and (M2) (Peralta et al. 1987) .
The visual pigment genes considered were those encoding the rhodopsins in bovine ( RhB) (Nathans and Hogness 1983) and human ( RhH) (Nathans and Hogness 1984) and those encoding the red (Ru), green (Gn), and blue (Bu) visual pigments in human (Nathans et al. 1986 ). The human mas oncogene (mas) (Young et al. 1986 ) was also included because of its high sequence similarity to the rhodopsin genes (Hayashida et al. 1986 ). The genes that encode rhodopsins in Drosophila-( Rh ln) (O'Tousa et al. 1985; Zuker et al. 1985) , (Rh2n) (Cowman et al. 1986 ), (Rh3n) ) and ( Rh4p) (Monte11 et al. 1987 )-were also included. The amino acid sequences of Rh u, Rn, Gu, and BH (Nathans et al. 1986 ), of PlT, P2uA, and RhB (Yarden et al. 1986 ), of Pin, PIT, and p2u (Frielle et al. 1987 ), of u2n, Pin, P2u, Ml, and M2 (Kobilka et al. 1987a ), of Ml, P2u,4, and RhB (Kubo et al. 1986 ), ofRhln, Rh2n, Rh3n, Rh4n, Gu, Ru, Bu, and RhH (Zuker et al. 1987 , and of mas and RhH (Hayashida et al. 1986 ) were aligned separately using various alignment programs. These alignments were used to perform a visual alignment which increased nucleotide sequence similarity (data not shown).
Number of Nucleotide Substitutions
The proportion (p) of different nucleotides was computed for each pairwise comparison. With this proportion p, the number (d) of nucleotide substitutions per site was estimated from d = -( 3 / 4) In [ 1 -(4 / 3) p] under the assumptions that all sites were variable and that substitution rates were equal among the four types of nucleotides (Jukes and Cantor 1969) . The d values were also computed by the methods of Kimura ( 198 1)) Takahata and Kimura ( 198 1 ), and Gojobori et al. ( 1982) . The number of synonymous (4) and nonsynonymous (d,) substitutions was estimated by the method of Miyata and Yasunaga ( 1980) .
A Phylogenetic
Tree and Branch Lengths
The neighbor-joining (NJ) method (Saitou and Nei 1987 ) and the unweighted pair-group method with arithmetic mean (UPGMA) (e.g., see Nei 1987 , pp. 293-298, for the detail of the procedure) were used to construct phylogenetic trees and to measure branch lengths. The principle of the former method is to sequentially find pairs of sequences that minimize the total branch length of the tree.
Results
A Phylogenetic Tree
The d values obtained by different formulas (Jukes and Cantor 1969; Kimura 198 1; Takahata and Kimura 198 1; Gojobori et al. 1982) were similar, and those estimated by the method of Jukes and Cantor ( 1969) and Rhn) and bovine (Rh,) ] are all less than unity, whereas those for the pairs between the two groups are larger than unity. Furthermore, when the d values involving Rh 1 D are excluded, the remaining d values are smaller when porcine muscarinic receptor genes ( M 1 and M2) are compared with other receptor genes (0.92 1 -1.44 1) than when they are compared with the visual pigment genes ( 1.068-l .552). For oncogene mas, the d value is smaller when it is compared with the visual pigment genes (0.99 l-1.285) than when it is compared with the receptor genes ( 1.226-l .552). These observations seem to suggest two clusters of genes.
When the NJ and UPGMA methods were applied to the d, d,, and d, values separately, they gave an identical tree topology. The tree topology and branch lengths determined by the NJ method used with d values are shown in figure 1, where the Drosophila rhodopsin genes were used as the outgroup. As expected, two distinct groups are formed, one consisting of adrenergic and muscarinic receptor genes and another consisting of the visual pigment genes and mas oncogene. Branch lengths measured by d values show that rhodopsin genes RhH and RhB are evolving at the slowest rate and that oncogene mas and muscarinic receptor gene M2 are evolving much faster than others ( fig. 1 ).
The rhodopsin gene has been detected in a wide range of organisms, including vertebrates, invertebrates, a unicellular alga, and archaebacteria (Martin et al. 1986 ) . Archaebacteria and unicellular algae seem to have already coexisted -1.5 billion years ago (Bya) (Schopf et al. 1983) ) showing that the rhodopsin gene is very ancient. Furthermore, the nucleotide substitutions during the evolution of rhodopsin genes is shown to be functionally strongly constrained (Yokoyama and Yokoyama 1989) . Thus, figure 1 suggests that the common ancestors of the color pigment genes, of the receptor genes, and of mas diverged from the ancestor of the rhodopsin gene at different times. That is, the common ancestor of the adrenergic and muscarinic receptor genes duplicated first from the rhodopsin gene. This is followed by the duplication of mas and by duplication of the common ancestor of the color pigment genes from the rhodopsin gene, in that order.
One striking structural difference among these genes is that the analyzed adrenergic and muscarinic receptor genes and mas do not have introns within the coding sequence (see Peralta et al. 1987 )) whereas the visual pigment genes do. Since rhodopsins are highly conserved and since the Drosophila rhodopsin genes also have introns, the topology of figure 1 suggests that the receptor genes and mas oncogene evolved from an intron-containing ancestor of the rhodopsin gene but lost their introns independently. 
Branch Lengths of the Evolutionary Tree
To evaluate branch lengths by d, and d, substitutions separately, the number of genes compared had to be reduced. For some comparisons, ps values were larger than or close to 0.75, indicating that many nucleotide changes are due to multiple substitutions. Evolutionary analyses under these circumstances are less meaningful than are analyses with small ps and p,, values. Thus, the phylogenetic tree with the d, values needs to be constructed by considering the receptor genes and the color pigment genes separately. On the other hand, the rhodopsin genes are highly conserved and can be compared for both groups. Hence, we constructed the evolutionary tree by using the d, and d, values of the eight receptor genes--a2H, p lo, p lu, f&A, f&, p2H, M 1, and RhH with the Rh 1 b, Rh2n, Rh3b, and Rh4n again being used as the outgroup ( fig. 2) .
In branch A-RhH, the length measured by d, value (0.56 + 0.06) is significantly longer than that measured by d, value (0.36 + 0.03)) suggesting a strong functional constraint in the evolution of the rhodopsin gene. The same conclusion was reached after the visual pigment genes and the rhodopsin genes were compared (Yokoyama and Yokoyama 1989) . Similar functional constraints were also detected during the functional differentiations of p2 HA, p2~, P2H, p lT, and pin ( fig. 2) . These observations are consistent with the neutral theory of molecular evolution (Kimura 1983) ) which maintains that nonsynonymous substitution is more functionally constrained than is synonymous substitution. The d, value is significantly larger than the d, value at four branches: A-B, B-M 1, C-a2u, and C-D (fig. 2) . These branches are the points at which the common ancestor of the receptor genes diverged from that of the rhodopsin genes (A-B) and at which the ancestral genes of the a-adrenergic (C-a2n) and P-adrenergic (C-D) receptor genes and M 1 (B-M 1) diverged from each other. Thus, the higher rates of nonsynonymous substitution coincide with the early functional differentiations of the receptor genes. 
Amino Acid Substitutions in Different Functional Domains
After consideration of possible relationships between nonsynonymous substitutions and functional adaptations, it is of interest to localize amino acid substitutions in different functional domains during the evolution of the G-protein coupled receptor genes. For this purpose, we evaluated branch lengths by using p ln, p2n, o2n, M 1, Rhn, and Rh ln (see fig. 2 ) and the structural model of the bovine rhodopsin devised by Hargrave et al. ( 1983) .
Branch lengths were estimated by considering seven transmembrane segments (numbered l-7 from N terminal to C terminal), four extracellular segments (denoted as N, 23, 45, and 67 for the regions between N terminal and segment 1, between segments 2 and 3, between segments 4 and 5, and between segments 6 and 7, respectively), and four intracellular segments ( 12, 34, 56, and C for the regions between segments 1 and 2, between segments 3 and 4, between segments 5 and 6, and between segment 7 and C terminal, respectively).
If we take Rhn and RhB as references, transmembranes 1,2,3,4,5,6, and 7 are the segments between residues 37 and 6 1, between 74 and 96, between 115 and 140, between 153 and 173, between 202 and 230, between 253 and 276, and between 286 and 308, respectively. In table 2, branch lengths measured by d, and dn values are given for the intracellular and extracellular segments combined (I + E) and for all transmembrane segments (T) . These groupings of different segments were done to reduce the magnitude of sampling errors, but the branch lengths estimated are still associated with large SEs (table 2) .
During the evolution of the rhodopsin gene ( A-RhH), the d, value is significantly larger than the dn value in both the I + E region (0.75 and 0.46, respectively) and the T (0.42 and 0.28, respectively) region. In the early stage of the receptor gene evolutioni.e., at branch A-B-the d, value is larger than the d, value in both the I + E segment (0.24 and 0.04, respectively) and the T (0.25 and -0.02, respectively) segment. However, d, is significantly larger than d, only in the T region for branch B-M 1 (muscarinic receptor divergence) and only in the I + E region for branches C-o2n and C-D (adrenergic receptor divergence).
These results may imply that functional adaptation of the ancestral receptor gene was achieved by the modification of amino acids throughout the polypeptide. However, the functional adaptation of the muscarinic receptor might have been achieved by the higher rates of nonsynonymous substitution . . in the transmembrane segments, whereas the adrenergic receptors might have differentiated on the basis of the changes within non-transmembrane segments. It is possible to conduct more-detailed analyses by considering the different segments in the I, E, and T domains separately. For that purpose, we selected Rhn, a2n, M 1, and Rh 1 u, with Rh 1 D being the outgroup. Branches A-Rhu, B-a2u, and B-M 1 were selected because they represent both a wide range of receptor genes and a representative rhodopsin gene (see fig. 2 ). The d, and d, values obtained are shown in table 3. At branch A-Rhn, the d, values are generally larger than the corresponding the d, values, but none of the differences were statistically significant. Furthermore, the d, values are generally smaller in the transmembrane segments (particularly segments 6 and 7) than in the intracellular segments, suggesting the critical functional role of the transmembrane segments (see table 2 ).
In contrast, the d, values are larger than the d, values in many of the nontransmembrane segments for branch B-a2n and in many of the transmembrane segments for branch B-M 1. However, statistically significant differences are detected only at segments 45 (extracellular region) and 34 (intracellular region) of branch B-a2n and at segments 1, 4, and 7 of branch B-M 1 (table 3) . Thus, these specific nontransmembrane segments and transmembrane segments might have contributed to the acquisition of the novel functional adaptation of the adrenergic and muscarinic receptors, respectively (see table 2 ). (Yarden et al. 1986; Rubenstein et al. 1987 ) and transmembrane segments 2 and 3 of P2nA (Strader et al. 1987) as being important in ligand binding. In fact, strong conservation of segments l-3 in a2n and of segments 2-4 in M 1 has been detected (table 3)) suggesting that these experimental observations hold for other receptor genes as well.
A functional role has also been suggested for selected amino acid residues. A lysine at the 296th residue in the seventh transmembrane segment of rhodopsins is critical to the function of the visual pigments, by virtue of a Schiff base interaction with II-cis retinal. The mas oncogene also shares a lysine residue at the homologous site. However, adrenergic and muscarinic receptors are not known to interact with retinal, and asparagine appears at this position. Site-directed mutagenesis of the P2~,4 asparagine to lysine reduced receptor affinity for agonists by an order of magnitude (Strader et al. 1987) . Thus, the replacement of lysine by asparagine in the receptors must have significantly contributed in the process of differentiation of the receptor genes from the rhodopsin gene. Strader et al. ( 1987) also suggested that aspartic acid coded by the 113th codon of p2nA (second transmembrane segment) performs a critical role in ligand binding. The other receptors also have aspartic acid at the corresponding residue, whereas Rhn and RhB, Rn and Gu, and Bn, Rhln, Rh2n, Rh3n, and Rh4n have alanine, valine, and glycine, respectively. Furthermore, proline coded by the 323th codon of P2nA (seventh transmembrane segment) is noted to be important in protein processing (Strader et al. 1987) . At the corresponding residue, all visual pigment and other receptors also have proline. Thus, this position seems to be important in the conservation of the common function of all the visual pigment and receptor genes.
We also indicated that d, values can be used as a molecular clock. Thus, it is possible to estimate rough divergence times of different receptor genes. As can be seen in figure 2 , the length between A and a receptor gene ranges from 0.63 (A-P 1 n) to 0.82 (A-Ml ). From point B, the branch length of a receptor gene varies from 0.35 (B-PIT) to 0.58 (B-Ml ). The branch length between C and a receptor gene varies from 0.30 (C-p1-r) to 0.49 (C-a2n) , and that between D and a receptor gene varies from to 0.25 (D-P2R). Yokoyama and Yokoyama ( 1989) have shown that the rate of nonsynonymous substitution for the rhodopsin genes is 0.24 X IO-'/site/year. In figure 2 , the length of branch A-Rhn is 0.36. However, when a series of averages is considered, the total branch length, from branch point A, for the receptor genes is given by 0.76, which is 2.1 times larger than that for the rhodopsin genes. Thus, the rate of nonsynonymous substitution for the G-protein receptor genes is 0.5 1 X 10 -'/site/year. This value seems to be typical for functional genes. For example, the rate of nonsynonymous substitution for the a-globin genes is 0.56 X IO-'/site/year (Li et al. 1985) . If it is assumed that the rate of nonsynonymous substitution for the receptor genes is 0.5 X IO-'/site/year, the divergence times of nodes A, B, C, and D are -l-l.5 Bya, w-0.6-1 .O Bya, -500-900 Myr ago ( Mya), and -300-400 Mya, respectively.
For the visual pigment and rhodopsin genes, it has been estimated that the ancestor of the human color pigment genes diverged from that of the rhodopsin genes -800 Mya. The color pigment gene was again duplicated -500-600 Mya, and the divergence of short-and long-wavelength visual pigment genes began. The divergence between Ru and Gu is much more recent, i.e., -30 Mya (see Yokoyama and Yokoyama 1989 ; see also Bowmaker et al. 1983; Jacobs 1983) .
Thus, the divergence between the a-and P-adrenergic receptor genes occurred about the time when the visual color pigment gene diverged from the rhodopsin gene. Similarly, the divergence of the p 1 -and P2-adrenergic subtypes seems to coincide with the time when the short-and long-wavelength visual pigment genes duplicated. Furthermore, the adrenergic and muscarinic receptor genes diverged about the time when mas diverged from the rhodopsin gene (see fig. 1 ).
So far, DNA sequence data of the visual pigment genes and of G-protein coupled receptor genes have not been utilized for evolutionary studies. In the future, DNA sequences of these multigene family members from a wide range of organisms are expected to accumulate.
Experimental and statistical analyses using these sequences will provide a unique opportunity to understand the processes of neutral evolution and adaptive evolution simultaneously.
